Aberrant activation or 'reactivation' of androgen receptor (AR) during androgen ablation therapy shows a potential cause for the development of castration-resistant prostate cancer. This study tested the hypothesis that PXD101, a potent pan histone deacetylase (HDAC) inhibitor, may prevent onset of castration-resistant phenotype and potentiate hormonal therapy. A panel of human prostate cancer cells with graded castration-resistant phenotype and in vivo models were used to verify this hypothesis. In this report, we demonstrated that hormonal manipulation favors the onset of castration-resistant phenotype increasing HDAC expression and activity as well as modulating expression and activity of AR, EGFR, HER2, and Akt. Consistent with these observations, the functional knockdown of HDACs by PXD101 prevented the onset of castration-resistant phenotype with a significant downregulation of AR, EGFR, HER2, and Akt expression/activity. The dysregulation of functional cooperation between HDAC6 with hsp90, on the one hand, and between GSK-3b with CRM1, on the other hand, may explain the biological effects of PXD101. In this regard, the HDAC6 silencing or the functional knockdown of hsp90 by 17AAG resulted in the selective downregulation of AR, EGFR, HER2, and Akt expression/activity, while the decreased phosphorylation of GSK-3b mediated by PXD101 increased the nuclear expression of CRM1, which in turn modified the AR and survivin recycling with increased caspase 3 activity. HDAC inhibitors retain the ability to prevent the onset of castration-resistant phenotype and, therefore, merit clinical 
Introduction
PCa is a hormonally regulated malignancy in which the androgen receptor (AR) plays an important role both in disease development and in tumor progression. While most efforts in the clinic are still directed at lowering levels of androgens that activate AR, resistance to androgen deprivation eventually develops, and most PCa deaths are attributable to this castration-resistant prostate cancer (CRPC) form of this disease. Analysis of clinical CRPC revealed that over 90% express elevated levels of AR and androgen-response genes, indicating that the AR remains active and suggesting that AR is inappropriately activated in the absence of or at castration levels of testicular and adrenal androgens (Sharifi 2010 , Lonergan & Tindall 2011 , Shiota et al. 2011 , Wang & Tindall 2011 . Four mechanisms have been postulated to account for aberrant AR activation in CRPC: i) activation of AR by non-steroids via deregulated signals, ii) genetic mutations of AR, rendering the receptor hyperactive, iii) amplification or overexpression of AR and its coactivators, which sensitizes cells toward a low level of androgen, and iv) the increase in intracrine androgen. In addition, constitutively active AR variants lacking the ligand-binding domain may promote the development of CRPC (Hörnberg et al. 2011) . Recent work has shed light on the importance of epigenetic events including facilitation of AR signaling. Histone modifications are the major driving force for epigenetic gene regulation.
Histone deacetylases (HDACs) are a group of co-repressors of transcriptional activators, including AR (Welsbie et al. 2009) . It has also been demonstrated that HDAC1 is overexpressed in 35% of prostate cancer, in metastatic tumors, and in androgen-independent cell lines (Patra et al. 2001 , Halkidou et al. 2004a . In addition, the acetylation of AR is necessary for co-activator binding to AR as well as reduced co-repressor binding that promotes aberrant cell growth (Korkmaz et al. 2004) . HDAC2 had been found to be increased in about 30% of CaP patients (Zhao et al. 2004 ). HDAC4 was also overexpressed in 23% of prostate cancer specimens (Wang et al. 2009 ) whereas an altered intracellular localization of HDAC4 in prostate cancers was described in prostate cancer that has become refractory to hormone treatment (Halkidou et al. 2004a,b) , suggesting that HDAC4 may be involved in the late events of prostate cancer progression. HDAC5 expression was increased in 57% of prostate cancer specimens (Wang et al. 2009 ) and this enzyme is able to associate with known AR co-repressors such as SMRT and N-CoR (Fischle et al. 2002) , playing a crucial role in prostate cancer tumorigenesis.
HDAC inhibitors (HDACi) are a relatively novel class of relatively specific anticancer drugs that were originally identified by their capacity to reverse the transformed phenotype. As a result of HDAC inhibition, histones become hyper acetylated and DNA is maintained in a relatively open conformation that is conducive to interaction with transcription factors. Consistent with this scenario, HDACi have been shown to alter the transcription of a number of genes and mediate tumor cell differentiation, growth inhibition, and death. A number of HDACi are in clinical trials.
Guided by these data, we studied a novel hydroxamate, PXD101, that inhibits HDAC activity in cancer cell lysates with IC 50 (nM) potency (Plumb et al. 2003 , Qian et al. 2006 , Gravina et al. 2011a . Specifically, using castrated-resistant LnCaP cell derivatives (104R, 104S, and C-81) and in 22rv1 bicalutamide-resistant cells generated in our laboratory (Gravina et al. 2011a,b) , we performed in vitro and in vivo experiments to investigate the relationship between HDAC expression/activity and PCa progression to androgen-independent phenotype. Here, we demonstrated that PXD101 prevented the onset of castration-resistant phenotype affecting AR signaling and other related pathways such as Akt, EGFR, and Her2. Additionally, the dysregulation of functional cooperation between HDAC6 with hsp90, on the one hand, and between GSK-3b with CRM1, on the other hand, may explain the biological properties of this HDACi.
Plasticware was obtained from Nunc (Roskilde, Denmark). PXD101 was a trademark of TopoTarget A/S (København Ø, Denmark) and kindly provided by TopoTarget. Bicalutamide was obtained from AstraZeneca. 17-Allylaminodemethoxygeldanamycin (17AAG) was purchased from Sigma-Aldrich. KP7-6 was purchased from Merck. KgaA and Z-IETD-FMK was purchased from Enzo Life Sciences GmbH (Lorrach, Germany).
Cell lines
LnCaP and 22rv1 cell lines were originally obtained from American Tissue Culture Collection (Rockville, MD, USA). The LnCaP sublines (LnCaP-104-S, LnCaP-104-R1, and LnCaP-C-81; Kokontis et al. (1991 Kokontis et al. ( , 1998 and Karan et al. (2002) ) were kindly provided by John M Kokontis (University of Chicago, IL, USA) and Min-Fong Lin (University of Nebraska, Omaha, NB, USA). The LnCap cell derivative C81 was developed by culturing parental cells (LnCap) for 81 passages in the absence of androgens (Karan et al. 2002) . The obtained cell line expressed the same level of LnCap in terms of functional ARs but with different responsiveness to androgen stimulation. This model resembles some biological characteristics of an androgen-independent phenotype seen in prostate cancer patients. C4-2B cells, a metastatic and androgen-insensitive LnCap subline, derived from orthotopic injection of C4-2 (Lin et al. 2001) , were kindly provided by Dr Cecchini from University of Berne. As a further model to study progression from androgen dependence to androgen independence, the androgen-independent human prostate cancer cell line, LnCap 104-R1, derived from androgen-dependent LnCap 104-S cells after long-term androgen deprivation was used. The growth of LnCap 104-R1 cells in vitro does not require androgen but it is instead suppressed by physiological concentrations of androgen. Additional AR protein levels increase during the progression from androgen-dependent LnCap 104-S cells to androgen-independent LnCap 104-R1 cells. BCLT-resistant 22rv1 PCa cell line was generated upon BCLT 5 mMCdihydrotestosterone (DHT) (10 K12 M) treatment as already described (Gravina et al. 2011a,b) .
Cell proliferation inhibition assay
Cell proliferation was evaluated by [ 3 H]thymidine uptake.
To quantify the proliferation rate of tumor cells during the generation of bicalutamide-resistant 22rv1 cells (22rv1-BCLTR) as well as upon different treatments, proliferation studies were conducted by measuring the uptake of 
HDAC activity assay
HDAC activity was evaluated by a colorimetric HDAC activity assay kit (Enzo Life Sciences GmbH) in nuclear extracts of cells treated according to the treatment protocols and according to the manufacturer's instructions.
siRNA transfection
LnCap (1.5!10 5 cells/well) and C81 tumor cells were plated in six-well plates and grown in phenol red-free DMEM containing 10% CSS for 2 days. These cells were transfected by HDAC6 and HDAC4 siRNA (h): sc-35544 and sc-35541 respectively (Santa Cruz Biotechnology). Two further HDAC6 and HDAC4 siRNAs were used to minimize the off-target effects: H00010013-R01 and H00009759-R01 respectively. All siRNA duplexes were transfected using Oligofectamine reagent (Invitrogen) according to the manufacturer's instructions. After HDAC silencing, cells were grown in phenol red-free DMEM containing 10% CS-FCS for 48 h and then treated with DHT (10 K10 M) or vehicle for 72 h.
Analysis of apoptosis
Analyses of apoptosis were performed at different times of treatments collecting adherent and suspension cells from cultures and analyzing apoptosis by FACS. After the appropriate treatments, cells (1!10 6 ) were fixed for 30 min in 70% ethanol and pelleted by centrifugation (720 g; 5 min). After removal of ethanol, cells were incubated and resuspended in 1 ml DNA-staining solution (PBS containing 200 mg/ml RNase A, 20 mg/ml propidium iodide plus 0.1% Triton X-100) and left at room temperature for 60 min. Apoptosis was analyzed using Annexin V staining (GenScript, Piscataway, NJ, USA 
Western blot analysis
Cells and frozen tissues were washed with cold PBS and immediately lysed with 1 ml lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM sodium orthovanadate, 30 mM p-nitrophenyl phosphate, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 10 mg/ml leupeptin). Lysates were electrophoresed in 7% SDS-PAGE, and separated proteins were transferred to nitrocellulose and probed with the appropriate antibodies using the conditions recommended by the antibody suppliers. 
In vivo experiments

Results
Prolonged androgen deprivation and bicalutamide treatment upregulate HDAC activity and expression and correlates with the castration-resistant phenotype
The LnCaP and LnCaP sublines (LnCaP-104-S, -104-R1, -C-81, and -C4-2B) were chosen as well-known cellular models with graded levels of castration-resistant phenotype. Enzymatic and western blot analyses revealed that HDAC activity ( Fig. 1A) and HDAC1, HDAC2, HDAC4, and HDAC6 levels ( Fig. 1B) were significantly higher in androgen-independent LnCaP-104-R1, -C-81, and -C4-2B cell sublines than in androgen-dependent LnCaP and LnCaP-104-S cells (P!0.05). Thus, the acquisition of an androgen-independent phenotype was accompanied by the upregulation of HDAC activity and expression in androgen-independent LnCaP derivatives. Next, we evaluated the expression levels and the activation status of AR-related pathways such as Akt, EGFR, and Her2 ( Fig. 1C ) in LnCaP derivatives. These experiments demonstrated that androgen-independent LnCaP cell derivatives showed higher levels of AR, EGFR, p-EGFR, Her2, p-HER2 p-Akt ser473, and thr308 and this paralleled with upregulation of HDAC activity and expression. Next, we observed that, in the androgen-dependent LnCap and LnCap104-S cells, HDAC activity was significantly decreased by DHT treatment in a dose-dependent manner (P!0.05) with respect to the same cells cultured in CS-FCS. Differently, HDAC activity was unchanged in androgenindependent LnCap C-81 and LnCap C4-2B cells (Fig. 1D ).
BCLT significantly increased HDAC activity in LnCap and LnCap 104-S with respect to the same cells cultured in DHT (P!0.05) and CS-FCS (P!0.05) while its activity was unchanged in androgen-independent LnCap C-81 and LnCap C4-2B cells (Fig. 1E ). These findings indicate that in androgen-dependent tumor models, DHT decreases and BCLT or CS-FCS (androgen deprivation condition) increases HDAC activity respectively, although the most evident effects were found upon BCLT treatment. On the contrary, in models that are already androgen independent, no significant modulation of HDAC activity was found and this evidence confirmed the finding that LnCap C-81 and LnCap C4-2B sub-clones are insensitive to DHT and BCLT treatment (Kokontis et al. 1998 , Gravina et al. 2011a . The correlation between HDAC activity and expression levels with the BCLT-resistant phenotype was then further examined. For this purpose, the AR-positive/androgen-independent but BCLT-sensitive 22rv1 cell line was continuously treated with BCLT and/or DHT for 60 weeks as described previously (Gravina et al. 2011a,b) . Over the time, BCLT treatment gradually and significantly increased the enzymatic activity (P!0.05, one-way ANOVA for linear trend) of these deacetylases. The modulation of enzymatic activity was associated with a significant increase in HDAC1, HDAC2, HDAC3, HDAC4, and HDAC6 expression (Fig. 2B ). Recent reports indicate that alternatively spliced, truncated isoforms may support androgen-independent phenotype. As shown in Fig. 2C , the expression levels of 75 kDa isoform were greatly increased upon BCLT treatment with a concurrent decrease in the levels of 110 kDa isoform. Increasing concentrations of BCLT or the culture of tumor cells in androgen-depleted medium (CS-FCS) significantly decreased 22rv1 proliferation rate (week 0) with respect to cell cultured a medium supplemented with DHT (P!0.05). Interestingly, cell growth in a androgendepleted medium or continuously treated with BCLT acquired less responsiveness to the growth-inhibiting action of BCLT ( Fig. 2D ) over the time. This effect started from the 8th week of treatments as attested by the evidence that neither BCLT treatment nor androgendepleted culture conditions significantly affected the growth rate of tumor cells (Fig. 2D ). This effect, in terms of hormonal manipulation, paralleled with the increased expression of HDAC2, HDAC3, HDAC4, and HDAC6, which started from the 4th or 8th week of BCLT treatment (Fig. 2B ).
The development of castration-resistant phenotype was prevented by PXD101 in 22rv1 prostate cancer cell line in vitro
The effects of sub-cytotoxic concentration (0.2 mM) of PXD101 were studied in terms of development of castration-resistant phenotype. 22rv1 tumor cells were cultured for 60 weeks in medium supplemented (10 K12 M)CPXD101 (0.2 mM). As shown in Fig. 3A , the co-administration of PXD101 with BCLT prevented the onset of the castration-resistant phenotype with a significant decrease in the tumor cell growth rate with respect to BCLT treatment (P!0.001). This effect was more sustained starting from the 8th week of culture. A similar trend was observed in terms of number of apoptotic events (Fig. 3B ). As shown in Fig. 3C , PXD101 dose dependently decreased AR expression both in AR-positive/androgendependent (LnCaP) and -independent (LnCaP sub-clones) and in 22rv1 cells treated for 2, 8, and 22 weeks with BCLT (Fig. 3D ). Under these culture conditions, PXD101 mainly decreased both AR isoform levels in 22rv1 cells examined at different time points during the generation of 22rv1-BCLTR cells (Fig. 3D ). The literature indicates that i) HDAC6 is able to modulate AR expression by posttranslational modifications in hsp90 activity (Bali et al. 2005 , Kovacs et al. 2005 and that ii) AR transcriptional activity may be regulated by HDAC4 (Halkidou et al. 2004a,b) . Therefore, in order to more deeply investigate whether AR pathway is modulated by HDAC6 and/or HDAC4, the selective knockdown of these deacetylases was performed in androgen-dependent (LnCaP) and -independent (C81) cells. In these experiments, HDAC6 silencing reduced AR, HER2, EGFR, and AKT expression levels both in LnCaP and C81 cells. Differently, HDAC4 silencing did not result in AR downregulation in both tumor models. The silencing of HDAC4 and 6 was coupled with a decrease in the expression levels of PSA, suggesting that these two epigenetic mediators have a role in inhibiting AR signaling ( Fig. 4A and B) . We further investigated whether HDAC6/HDAC4 silencing also affected androgen-responsive cell growth. For this purpose, HDAC6 and HDAC4 silencing was followed by 10 K10 M DHT in a steroidreduced condition. This protocol treatment was used to determine whether HDAC6 and HDAC4 silencing pretreatment can increase the common androgen responsiveness of cell growth. In the presence of DHT, the growth of HDAC4/HDAC6-silenced C-81 cells increased significantly (column 6 vs 5, 14 vs 13, and 16 vs 15 C81 cells, *P!0.05) compared with no significant effect of controls and scramble. This body of evidence suggests that HDAC6 and 4 may not have a significant role in increasing androgen sensitivity in androgen-dependent models, although these deacetylases may mediate the antitumor effects of PXD101. As our data indicate that HDAC6 silencing decreases AR expression and as the literature indicates that i) heatshock protein 90 (hsp90) mediates AR protein stabilization (Gibbs et al. 2009 ) and ii) HDAC6 knockdown inhibits chaperone function of hsp90 (Bali et al. 2005) , the modulation of hsp90 client proteins was studied upon 17AAG treatment, an agent able to inducing proteasomal degradation of hsp90 client proteins (Saporita et al. 2007 , Chandarlapaty et al. 2008 . In Fig. 4D , we demonstrated that AR, Her2, EGFR, and Akt expression was reduced in the LnCaP and LnCaP-C81 cells in a time-dependent manner after 72 h of treatment with 17AAG treatment (10 mM, panel D). Hsp90 inhibition potentiated the PXD101 (0.5 mM) effects in terms of AR, HER2, EGFR, and Akt expression levels.
To verify whether PXD101 was able to modify the sensitivity vs hormonal manipulation, this HDACi was administered alone or in combination with DHT ( Fig. 5A ) and/or BCLT (Fig. 5B) to androgen-independent LnCaP (C81 and C4-2B) cell derivatives. Single-agent BCLT had minimal antitumor effects on prostate cancer cells with no significant with respect to CS-FCS. The co-administration of PXD101 with BCLT and/or DHT restored the sensitivity vs these two treatments ( Fig. 5A and B) . Additionally, co-treatment with different concentrations of PXD101 (0.2-1.0 mM) and BCLT (5 mM) induced in LnCaP-C81 cells: i) an increment of p27 and p16 expression with a concomitant p21 decrease was documented under PXD101 and BCLT treatment compared with PXD101 and DHT (Fig. 5C ) and ii) a reduction of anti-apoptotic proteins (BCL2, BCl-Xl (BCL2L1), and phospho-Bad) and an increment in proapoptotic proteins (Bak1, BAX, RAF1, and Bcl-Xs) ( Fig. 5D ) with an associated increase of caspase 3, caspase 8, and caspase 9 activation with PARP cleavage (Fig. 5E ). Further molecular analysis revealed a crucial role of Fas: FasL signaling pathway in this phenomenon ( Fig. 6A and B) as already documented by other authors for other HDACi (Angelucci et al. 2006) . Functional experiments, performed on the androgen-independent cell model LnCaP-C81, supported the role of Fas: FasL in the apoptotic processes as the CD178 (FasL) blocking antibody (Nok-1) (treatment 12 in Fig. 6B ) or Fas inhibitor Kp7-6 (treatment 14 in Fig. 6B ) reduced the apoptotic effects of the co-treatment between PXD101 with BCLT in LnCaP-C81 (P!0.05; treatments 12 vs 10 and 14 vs 10) (Fig. 6B ) cell lines. In addition, the partial role of death receptor pathways upon BCLT and PXD101 co-treatment was also demonstrated using a caspase 8 inhibitor Z-IETD-FMK (treatment 14 in Fig. 6B ). As for FasL blocking antibody (Nok-1) or Fas inhibitor Kp7-6, the addition of caspase 8 inhibitor significantly reduced the apoptotic events induced by co-treatment between BCLT and PXD101 (P!0.05; treatment 16 vs 10) (Fig. 6B) .
AR expression and androgen sensitivity upon Pxd101 treatment were mediated by GSK-3b and CRM1 activity PXD101 and BCLT co-treatment significantly reduced the expression of EGFR, Her2, and Akt as well as their Two different HDAC6 and HDAC4 siRNA-specific preparations were used as described in the Materials and methods section in order to minimize the impact of off-target effects. LnCap and LnCap-C81 cells were incubated in phenol red-free DMEM containing 10% CSS for 2 days and then mock transfected or transfected with HDAC6 and HDAC4 siRNA. 72 h after HDAC4 and HDAC6 silencing, the expression levels of these two deacetylases were evaluated together with AR, PSA, Her2, EGFR, and Akt in LnCaP and LnCaP-C81 cells by western blot (A and B). After silencing, LnCap and C81 cells were cultured for 72 h in a medium supplemented with i) 10% CS-FCS (control) and ii) DHT (10 K10 M) and growth assays were measured over time (C). The involvement of hsp90 in AR down-modulation, HDAC6 mediated, was studied in LnCaP and LnCaP-C81 cells using a specific inhibitor, the 17AAG (D). Tumor cells were grown in DMEM containing 10% CS-FCS for 48 h and then treated with 17AAG (10 mM) and/or PXD101 (0.5 mM) or vehicle for 72 h. AR, Her2, EGFR, and Akt expression levels upon 17AAG and/or PXD101 treatments were studied in LnCaP and LnCaP-C81 cells by western blot. Each western blot lane was loaded with 40 mg total proteins. These experiments are representative of three individual experiments. Bars represent means of five replicates and are representative of three independent experiments.
phosphorylation status suggesting that PXD101 may reduce the activation of mediators responsible for the sensitivity to BCLT. In Fig. 6C , we show the effects of combined treatments on AKT signaling pathway on LnCaP, C81, and 22rv1-BCLTR cellular models. The phosphorylation of GSK-3b was greatly reduced in LnCaP-C81 and 22rv1-BCLTR after co-treatment between PXD101 and BCLT (Fig. 6D) . The reduced phosphorylation of this kinase was also associated with an increased activity of GSK-3b, which, in turn, determined an increased nuclear expression of CRM1, a protein involved in nuclear export of AR and different proteins involved in cell cycle progression (cyclin D1 and cyclin inhibitors such as p21 and p27), and apoptosis (survivin, Foxo family members). Specifically, PXD01 resulted in loss of AR cytoplasmic recycling (Fig. 6D ) and this was responsible for increased anti-proliferative effects of BCLT. In addition, the reduction of CRM1 expression/activity determined an increased nuclear localization of survivin.
In vivo effects of PXD101 in combination with castration or bicalutamide treatment
It has been demonstrated that PXD101 possessed antitumor effects in vivo in prostate cancer cell models (Qian et al. 2008) . In this report, we studied the in vivo effects of PXD101 under castration condition or bicalutamide treatment. As described in Fig. 7A , androgen-independent 22rv1 and C4-2B cell lines were subcutaneously injected in male nude mice. Bi-daily administration of PXD101 (20 or 40 mg/kg) in intact nude male mice resulted in a statistically significant tumor volume decrement with respect to mice treated with vehicle alone was found at day 30 (P!0.001) in both xenograft models ( Fig. 7B and D) . However, the antitumor effect of PXD101 was more evident when it was given at the dose of 40 mg/kg PXD101 with a difference statistically significant with respect to the lower dose (20 mg/kg) (P!0.001). When PXD101 was administered to bicalutamide-or castrated-treated mice, its effect, on tumor volume at day 30, was more evident as the dose was increased with the best effect found in combination with BCLT (P!0.001; Fig. 7B and D) . PXD101 also determined a dose-dependent increment in tumor growth delay (TGD) and a reduction of proliferation index and vessel count in both models. Castration had minimal effects on tumor growth of 22rv1 xenografts whereas a significant reduction of tumor volume (36.3%) was observed in association with BCLT (50 mg/kg daily). (A) The LnCaP-C81 androgen-independent cell line was cultured in phenol red-free DMEM containing 10% CS-FCS for 2 days. After this time point, (A) DHT (10 K10 M) and/or PXD101 (1.0 mM) and/or BCLT (5 mM)CDHT (10 K10 M) were added to medium for 72 h. FasL, FAS, p22, p15, c-FLIP L , c-FLIP S , and survivin expression levels were measured. (B) The C81 androgen-independent cell line was cultured in phenol red-free DMEM containing 10% CS-FCS for 2 days. After this time point, DHT (10 K10 M) or BCLT (5 mM)CDHT (10 K12 M) was added to the medium for 72 h. Nok-1 (10 mg/ml), Kp7-6 (1 mg/ml), Z-IETD-FMK (10 mM), and PXD101 (1.0 mM) were added to the medium in the presence of DHT ( The proliferation index was significantly lower (33.0%) when compared with those observed (47.4%) in intact nude mice (P!0.001). Apoptosis was low in 22rv1 tumors grown both in intact and in castrated nude mice whereas 11% of apoptotic cells were present in mice receiving BCLT. Moreover, combined treatments between PXD101 and castration or PXD101 and BCLT were associated with TGD increments, reduction in the proliferation indices, significant increases in the number of apoptotic cells, and reduction in vessel counts. Upon castration or BCLT treatment, no complete response was found whereas by adding PXD101 determined a dose-dependent increment in the number of tumor-free mice (P!0.05). When we considered C4-2B cells xenografted in intact mice, we find that PXD101 alone induced more than 40% reduction of tumor mass with respect to controls without castration or bicalutamide (PO0.001) whereas the reduction in the presence of bicalutamide was about 70% (P!0.0001; Fig. 7C , Tables 1 and 2 ). In addition, tumor-free mice were 0 out of 12 in intact nude mice, two out of ten in PXD101-treated (40 mg/kg) mice, and five out of ten in intact nude mice receiving a combination of bicalutamide and PXD101.
Discussion
Understanding the mechanisms that transform PCa into a castration-resistant state has enabled investigators to explore critical pathways involved in such process allowing for rational therapeutic design. Because functional AR signaling is necessary for the development of prostate cancer, deprivation of androgens remains the mainstay therapy. Unfortunately, resistance to androgen ablation therapy inevitably occurs. Many approaches have been proposed to improve the treatment outcome of this disease, but advanced prostate cancer patients still have a dismal prognosis. Herein, we suggest that PCa may acquire androgen independence upon hormonal therapy through HDAC expression/activity up-modulation as well as by AR overexpression. In this report, we also showed that alternative truncated AR isoforms may be one of the means to diversify its signaling and confer androgenindependent phenotype. We show that there is a timedependent increase in the expression levels of full and truncated AR upon long-term BCLT treatment. It is possible that the tumor cells use the truncated AR isoforms to escape from hormonal therapy and the aberrant expression of the constitutively active truncated AR isoforms may contribute to ablation-independent growth (Hörnberg et al. 2011) . Increased histone deacetylation highlights a potential role for HDAC as potential molecular targets in prostate cancer therapy (Perry et al. 2010) as it has been demonstrated a strengthening of AR transcriptional activity as well as reduction of AR expression by inhibition of histone deacetylation (Frigo & McDonnell 2008) . In LnCap sub-clones selected for increased androgen independence in androgen-depleted medium, HDAC expression, particularly of HDAC1, HDAC2, HDAC3, HDAC4, and HDAC6, increased in proportion to androgen independence. The relationship between HDACs and BCLT treatment was studied in vivo using a 22rv1-BCLT-R cell line selected for resistance to BCLT. This model offered the opportunity to study the interaction between HDACs and anti-androgen response in a tumor environment closer to that of clinical patients. Cell lines that had lost the anti-androgen response were more aggressive than the parent cell line and more rapidly gave rise to increased tumor mass upon BCLT treatment (Gravina et al. 2011a,b) . Increased vascularity, decreased tumor suppressor expression (PTEN), and activation of survival signal transduction pathways (AKT and ERK) were found in xenografts from anti-androgen unresponsive cell lines (Gravina et al. 2011a,b) . Collectively, these results, which are comparable to those obtained in the cultured cell lines, support the findings on the role of BCLT in prostate cancer progression. Similarly, upon long-term treatment with BCLT, 22rv1 was induced to increase the levels of HDAC1, HDAC2, HDAC3, HDAC4, and HDAC6. Although the reduction of AR levels is often associated with increased expression of neuroendocrine markers, HDAC inhibition using different classes of HDACi (TSA, SAHA, and valproic acid) have significant therapeutic effects both in androgen-sensitive and -insensitive prostate cancer cells (Frønsdal et al. 2005 , Welsbie et al. 2009 , Chou et al. 2011 . Consistent with the idea that hormonal therapy might affect HDAC expression/activity in prostate cancer cells, treatment with PXD101 recovered the anti-proliferative responses of BCLT-chronically treated cell lines. PXD101 was, indeed, able to reduce the insurgence of bicalutamide resistance in 22rv1 chronically cultured with this drug. The results from PCa cells demonstrated that BCLT-mediated changes in protein acetylation status may play a major role in preventing the action of anti-androgen therapy. The possible benefit of PXD101 treatment in androgen-independent prostate cancer cell lines is demonstrated by their increased apoptosis when cultured in the presence of this drug. However, it is possible that the efficacy of PXD101, in recovering the antitumor response under BCLT treatment or upon androgen deprivation (culture in CS-FCS), may be rather different irrespective of the fact that these two treatments, per se, may effectively increase HDAC activity and expression and so result in an androgen-independent phenotype. The reason why we found a discrepancy in terms of anti-proliferative and pro-apoptotic effects when PXD101 is added to a medium supplemented with CF-FCS (androgen deprivation culture condition) or when this inhibitor acts together with BCLT may be explained considering that prostate cancer cells may use different mechanisms to compensate for low androgen levels. In addition, we demonstrated that PXD101 was able to reduce AR expression in AR-positive CRPC cell lines and this was associated with the increased sensitivity to androgens and to the restored bicalutamide effectiveness. It is well known that the development of CRPC requires that under castration conditions, the AR remains active even in the presence of low levels of androgens due to upregulation of AR expression or activation by alternate mechanisms, including non-classic ligands or ligandindependent mechanisms. The consequence of this continued androgen signaling in prostate cancer is patient relapse with castration-resistant disease (Lonergan & Tindall 2011 , Wang & Tindall 2011 ). Therefore, decreasing the level of AR within prostate cancer cells using HDACi could enhance the ability of hormonal management to inhibit the growth of prostate cancer and possibly delay the emergence of CRPC. Alternatively, the reduction in AR signaling caused by bicalutamide or androgen withdrawal may be sufficient to sensitize the AR-positive CRPC cells to PXD101-induced apoptosis. Interestingly, HDAC4 and HDAC6 silencing enhanced the androgen responsiveness of C-81 androgen-independent cell model. On the contrary, HDAC4 and HDAC6 knockdown did not seem to have a significant role as modifiers of androgen sensitivity in androgen-dependent models. Differently, from HDAC4, which did not influence the AR, HDAC6 silencing resulted in AR, HER2, EGFR, and AKT downregulation. The reasons for which HDAC4 and HDAC6 differentially enhanced the androgen responsiveness only in androgenindependent models is a matter of debate and the mechanisms responsible for these events are still unknown and require further investigation. However, some hypothesis may be taken into consideration. Recently, it has been demonstrated that valproic acid, a pan HDACi, modifies and increases androgen sensitivity of C81 cells and these findings agree with our data on PXD101 and HDAC4 and HDAC6 silencing (Chou et al. 2011) . Additionally, evidence suggests the AR overexpression coupled with p21 downregulation may favor androgen resistance in PCa models (Wang et al. 2001) . Thus, treatments able to decrease AR and increase p21 expression may delay the onset of androgen-independent phenotype and re-establish sensitivity to hormonal manipulation. This evidence seems to fit with our data regarding the effect of PXD101 on AR as well as p21 expression levels. It is also possible that restoration of normal AR expression may significantly modify the response to hormone manipulation of refractory PCa cells. Therefore, the downregulation of AR, together with the concomitant down-modulation of EGFR, HER2, and AKT, observed upon HDAC6 silencing in androgenindependent models may attenuate ligand-independent AR activation. This may shift the balance toward an androgen-dependent AR activation, in the presence of DHT, restoring the sensitivity to androgens. This event could also happen in the presence of low AR levels as it is known that androgen-independent tumor cells may have a hypersensitive AR, which may be triggered by low concentrations of DHT. Although the same biological modifications (down-modulation of EGFR, HER2, and AKT) were also found in androgen-dependent models, it is possible that the ligand-independent AR activation may have less importance in determining androgen responsiveness in androgen-dependent models.
The reduction in AR levels induced by PXD101 in AR-positive CRPC cells may involve translational as well as transcriptional mechanisms: i) in the absence of its ligand, ARs are localized mainly in the cytoplasm and are bound to heat-shock proteins including HSP90. Binding to the heat-shock proteins is an important step for the stabilization of the three-dimensional structure of AR in a conformation that permits androgen binding. The Hsp90 chaperone activity is ATP dependent, and inhibition of ATP binding to Hsp90 has been shown to destabilize Hsp90 client proteins ultimately resulting in their degradation. Ablation of HDAC6 using chemical inhibitors was shown to induce hyperacetylation of Hsp90 leading to abrogation of its ATP-binding activity and disruption of chaperone function, resulting in polyubiquitination and depletion of Hsp90 client proteins (Bali et al. 2005 , Kovacs et al. 2005 . ii) Increased mitogenactivated protein kinase signaling, mediated by oncogenes such as ERBB1 (EGFR) or ERBB2 can cause ligandindependent activation of AR especially when its function is not blocked by specific antagonists, such as BCLT (Chen et al. 2011 , Marques et al. 2011 . (iii) Akt/mTor pathway activation modulates CRM1-mediated nuclear export of proteins involved in cell cycle progression (cyclin D1 and cyclin inhibitor p21 and p27) or apoptosis (survivin) as well as of AR (Schütz et al. 2010 , Zhou et al. 2010 , Kong et al. 2011 . CRM1 activity (Schütz et al. 2010 ) is mediated by the activation status of GSK3b, a downstream kinase of TORC1. When Akt expression/activity is high, GSK3b activity is low and CRM1 may support nuclear export of chaperoned proteins for recycling and activity.
Bicalutamide is able to increase Akt activity in prostate cancer cell models (Festuccia et al. 2007 ) whereas PXD101 is able to reduce the expression of Akt, EGFR, and Her2 able to activate Akt both at levels of Thr308 (by PDK1) and ser473 (by TORC2). Here, we report that knockdown of HDAC6 but not of HDAC4 in CRPC cell models using siRNA reduces AR expression, impairs ligand-independent nuclear localization of endogenous AR, and inhibits cell growth. HDAC6 knockdown using PXD101 also inhibited 22rv1 xenograft tumor establishment in castrated, as well as in testes-intact, nude mice treated or not with bicalutamide.
So, we believe the best therapeutic setting, in which the HDAC functional knockdown may better act, is when HDACi are administered in the presence of competitive AR antagonists and androgen deprivation condition rather than in the presence of androgen deprivation conditions only. Our data suggest that PXD101 may differentially recover the antitumor response, in terms of therapeutic efficacy, of competitive AR antagonists or androgen deprivation therapy providing a new treatment option to counteract disease progression and improve and prolong the effects under hormonal treatment.
